ABSTRACT: Seepage in fractured rock mass is of great significance to the safety of rock engineering. On the basis of Louis' experimental results, this paper introduces the simulation of water flow in fracture network, according to which fissure water pressure is applied to the surface of rock fissure in the form of linearly distributed load. The DDA equilibrium equation, which takes fissure water load into account, has been deduced based on the minimum potential principle. After each iteration step of DDA, the equivalent hydraulic fracture aperture is updated. By using the method abovementioned, the fluid solid coupling model of fractured rock is established in this paper. Then the model is used to analyze the stability of the Bank Slope of a hydroelectric power station. A comparison of seepage field and stress field of the bank slope is made before and after the reservoir water level uplift. Instability process of the slope is simulated as well. The results show that the fluid solid coupling model is valid.
INTRODUCTION
In the rock mass engineering, the interaction of seepage pressure and crack is always an important reason for rock failure. For example, in 1959, Malpasset arch dam in France suddenly broke. After years of investigation, the conclusion showed that the fissure water pressure in the left abutment rock mass is the main reason of the dam break [1] . In 1976, Teton dam in the United States broke. After repeated verification, rock joint was found in the dam foundation. With the reservoir water flowing into rock fractures, piping occurs in foundation of Earth-rock dam core, which lead to the final failure of the dam [2] . Dislocation occurred on the right bank of the Meishan arch dam which has the height of 88.2m in China. With a large number of rock fracture seepage, dam displacement occurs. The risk of dam failure is eliminated until the reservoir is vented. The dam become safe again until the reservoir was drawn off [3] . In April 2000, granite which has the volume of 300 million m 3 landslided on the left bank of Yigong Zangbo River in Tibet. The artificial lake appeared as a result of drying up caused by the accident. According to the analysis report afterwards, that the snow melt water seeped into mountain is the main reason of the landslide. These accidents make people aware of the importance of the study on the characteristics of fractured rock masses. Rock hydraulics has become an important branch of rock mechanics.
The hydraulic conductivity of fracture is far greater than the intact rock, which forms the major network channels for the movement of the fissure water. Over the years, many scholars proposed a variety of seepage model [4] . According to different research purposes and characteristics of fractured rock mass, the models could be summarized as follows: the equivalent continuum model, the discrete fracture network model and the double medium model. With the permeability coefficient of fracture homogenized to the rock, the fractured rock is seen as the anisotropic continuum having a symmetric permeability tensor in the equivalent continuum model. Then, the seepage field could be analyzed based on the classic method of porous media. Discrete fracture network model in which the permeability of rock is ignored that think the water flows only in the fracture network. Based on the fundamental formulas of water flow in single fracture, the equation is established in accordance with flow con-
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Guoxin Zhang, Zhengqi Lei* & Heng Cheng servation in traffic intersections. Solving the equation, people could obtain the head value in fracture cross point. Double medium model considering water exchange between rock fracture and pore is closer to the reality. But there is a great difficulty in using this model in practice.
Fissure water, which causes the deformation of the fractured rock mass, acts on the rock in the form of seepage load. Change of structure geometric parameters affects the flow of water in the crack in turn, after the rock deformed. Therefore, it is a coupling that the relationship between the movement of water and fissure deformation of fractured rock mass. At present, the numerical simulation of fluid-solid coupling in fractured rock usually adopt equivalent continuum model, such as finite element [5] , finite difference [6] and so on. This model could only consider the seepage and deformation law of the fractured rock mass on a macro level, and could not grasp the local situation. Recently discrete numerical method rises. In methods including discrete element method [7] and discontinuous deformation analysis [8] , the rock cut by joint is seen as a discontinuous structure. In the block system, contact spring connected blocks when each block is seen as an element. Movement of the block could be determined by analyzing the homeostasis of the block system. With these non-continuous methods, discrete fracture network model could realistically reflect the coupling of seepage and deformation in rock mass. This paper simulated the water movement in fractures with discrete fracture network model, taking the impact of environmental stress on fracture hydraulic conductivity into account. With the calculated seepage head value applied to the joint in the form of linear load, DDA analyzes the stress and deformation of rock mass. The real solution of water head and deformation could be obtained by iteration. This paper analyzes the deformation and failure process of a large bank slopes after the water level uplift based on the method above.
FLUID SOLID COUPLING MODEL BASED ON DDA

Simulation of seepage in fracture network
Because of the poor permeability of intact rock, the water mainly flows through the rock fracture. Therefore, this paper uses the discrete fracture network model for simulation of seepage in fractured rock mass, ignoring the rock permeability. The structural planes, which cut the rock mass into blocks, form a fracture network. Fracture network become seepage network, with disconnected hydraulic fractures deleted based on individually check and topological analysis method. Finally, imposing the boundary conditions on the seepage network, people could obtain the water head of each point through finite element analysis. This paper assumes that the average flow velocity along the fracture satisfies the generalized Darcy's law. The expression is given by
where i = hydraulic gradient; K = hydraulic conductivity; and a = empirical coefficient associated with hydraulic zoning. Based on Louis' experiment [9] , K and a could be determined according to Table 1 .
The flow through a single crack unit is given by
where h = water head difference between the two ends of crack; b = fracture aperture; and l = crack length. As shown in Table 1 , when the flow is laminar flow in the crack, the formula above is cubic law of seepage which is well known to all. In this case coefficient p has nothing to do with the water head difference. However, When the flow regime is turbulent, p could be in association with the water head difference. For the entire fracture network, the whole equation of which the unknown number is water head could be drawn according to Equation (2) 
where [P] = Fracture network characteristic matrix; {H} = water head vector; [Q] = flow vector. The boundary condition is water head or flow at the node. Deformation of the cracks has a significant impact on the seepage. The main deformation is the change of the crack width. In this paper, fracture aperture is calculated based on the following assumptions:
(1) When the crack is closed, there is still a mechanical gap width 1 and flow area factor S. The mechanical gap width 1 is associated with normal pressure in the crack
where n = normal pressure in the crack; 0 = fracture aperture at the time the normal pressure in the crack is zero; and n = coefficient. 0 and n could be determined according to experiment. The flow area factor is also associated with normal pressure. The higher the pressure is, the smaller the factor could be. However, the experimental results show that even in the high normal pressure, contact area of fracture is still less than 15% of the total area. This paper assumed S as a constant.
(2) When the crack is open, the average aperture is the weighted average of the sum of 0 and fissure aperture 2
Deformation analysis
The discontinuous deformation analysis (short for DDA) method researches block system cut by structural surface includes joint, cracks, faults. Each block is regarded as a unit. The unit could be arbitrary shape and geometric center of the unit is the representative point in analysis (see Figure 1 ). With the rigid displacement of centroid, linear strain and shear strain of the unit regarded as the basic unknown quantities, displacement of any point in unit could be determined by interpolation. 
where u0, v0, r0 = the rigid displacement of centroid; εx, εy, γxy = the linear strain and shear strain of the unit; u, v = displacement of any point in unit; [Ti] = interpolating function. The spring is arranged at the point of contact to ensure displacement harmonization while two units contact each other. Considering the work of external forces like deformation energy, kinetic energy, contact energy and the total energy of the block system, the equilibrium equations is established using the principle of minimum potential energy.
where [M] = mass matrix; [C] = dumping matrix; [K]e= stiffness matrix of block; [K]p= contact stiffness matrix; {F} = sum of the external forces. Displacement and strain of the block could be obtained by solving Equation (7) . Then the stress field and displacement field of the whole system is shown clearly. In the original DDA program, hydraulic load is not considered. The DDA equilibrium equation, which takes fissure water load into account, has been deduced based on the minimum potential principle in this paper. As shown in Figure 2 , water load applies on the edge k of unit i. The water head values on the two sides are hk, hk+1. Component forces of the pressure on two ends of the line along x axis and y axis is are given by sin , cos sin , cos
For unit i, the work done by the water pressure is
where lk = length of edge k; [E], [G] are respectively given by
The load on the unit caused by water pressure is given by
With the water head value calculated by Formula (11), (12) and (13) put into Formula (8), the DDA equilibrium equation, which takes fissure water load into account, has been deduced. In order to facilitate the calculation, this paper uses the weak coupling model of seepage and deformation on the premise of ensuring the accuracy [10] . In each step of the calculation of the fracture apertures calculated are taken as the input parameters of seepage analysis in next step, while the iterative calculation of the deformation and seepage is not done at the same time step. The calculation process is shown in Figure 3 . 
APPLICATION
Engineering condition
This paper analyzes the stability of a hydropower station reservoir slope (see Figure 4 ) before and after the reservoir water level rise using the fluid solid coupling model based on DDA method. The slope towards NNW has a height of about 700m. The slope angle is about 50°. The sandstone slope has two main sets of joints: The first set of joints is N65~70° ESE / 75°, with the average distance 30~50cm; The second set of joints is N60° WSW / 35°, with the average distance 40~50cm; According to the physical and mechanical parameters of rock, from inside to outside the slope is divided into 5 partitions: I, II, III1, III2, IV (as shown in Figure 5 ). There are a number of faults in the slope, of which the f127 fault controls the stability of the slope. The river water level is 1912m before reservoir filling and the reservoir's normal water level is 1952m, with check flood level for the 1956m. 
Computational model and parameters
Considering the two main sets of joints in the slope, the two-dimensional DDA analysis model (as shown in Figure 6 ) and the corresponding fracture network model are established based on the typical section in the geologic investigation report. The model which has the vertical height of 82~160m extends 160m into the slope in the horizontal direction. Both sides of the model are constrained in x direction while the bottom is constrained in x, y two directions. The rock mechanics characteristics of different partitions are shown in Table 2 . In the seepage calculation, the initial equivalent gap width should be measured in field test. According to geological exploration report, this paper evaluates that the crack initial equivalent gap width is 0.05mm and the mechanical fracture closure after the gap width is 0.01mm. Figure 6 . DDA calculation model.
Results and discussion
This paper simulates two cases including water level 1912m and 1952m considering fluid solid coupling in the slope. The results of simulation are shown in Figure 7-15 . Figure 7 and Figure 8 show the distributions of ground water in the slope before and after the reservoir water level uplift. In Figure 9 -12, the stress fields of the slope rock mass are compared before and after the reservoir water level uplift. The new seepage field acts on the rock mass in the form of linear load continually, which lead to a general increase of 0.2 MPa on the rock stress level. It should be noted that, due to the action of water in fractured rock fracture surface, the effective stress between rock and rock is reduced. Figure 13 -15 show the deformation of the slope caused by the reservoir water level uplift. The uplift of reservoir water level applies a new load on the slope, which would inevitably lead to a new generation of slope deformation increment. The horizontal deformation towards the inner slope has a maximum value of 3.8cm. Vertical deformation towards upside and the maximum deformation is 2.6cm. Therefore, the water caused a further deformation of the slope, but the magnitude of the deformation is small, the whole slope remains stable. By reducing the strength, this paper further study the possible instability patterns of the slope and identify potential dangerous area. When the strength of rock and structural plane is 0.7 times of the design, the slope appears to yield enormously (see Figure 16 ). The loose rock mass on the top of slope yield firstly, which slide and squeeze the central rock. Subsequently, rock in the lower part collapses and rolls into the reservoir. Therefore, granular structure slope on the slope is the weak link, which may lose stability in extreme loads such as earthquake. 
CONCLUSIONS
In summary, the following conclusions can be drawn:
(1) Groundwater in cracks will not only affect the effective stress on fracture surface, but also reduce the coefficient of friction of the crack. Considering the stability analysis of fractured water movement on the rock slope is very important. The fracture network seepage model established according to Darcy's law combined with Louis' experiment results, has a clear concept and good applicability. The model is an effective means of seepage problem research. (2) With results of the seepage analysis, DDA method calculates the deformation and stress of the block system. Fissure water acts on the rock mass in the form of linear load while the change of fracture aperture impact on seepage in turn. This analysis method is more close to the actual situation in rock engineering. (3) The model is used to analyze the stability of the Bank Slope of a hydroelectric power station. The results show that, a new seepage field, which lead to the increase of stress in the bank slope, appearances rapidly after the reservoir water level uplift. Despite the small amount of deformation, the whole slope could remain stable. Through strength reduction, it is found that the granular structure on the top of slope is the weak link. (4) The equivalent hydraulic aperture is the key parameter in the analysis of fluid solid coupling based on the DDA. The initial fracture aperture and the update of fracture aperture in the calculation process still need further study.
